The Drosophila glass gene is required for the differentiation and survival of photoreceptors in the compound eye, ocelli and larval photoreceptor organ. glass encodes a zinc finger protein which can activate transcription in cell culture and is likely to act by regulating the expression of other genes. We have shown that it directly or indirectly controls the expression of approximately 25% of all enhancer trap lines expressed in the eye disc. glass gene activity is required to activate 19% of the lines, some of which express p-galactosidase in photoreceptor subtype-specific patterns, and to repress 6%. The phenotype of eye discs doubly mutant for glass and the homeobox gene rough suggests that glass is required for subtype specification and for recruitment of cells to the ommatidial cluster.
Introdnction
The Drosophila eye consists of a repeated array of ommatidial subunits, each containing eight photoreceptor cells surrounded by accessory cells that produce the lens and eye pigments. These ommatidia develop during the third larval instar in the eye imaginal disc; differentiation initiates at the posterior margin of the disc and is propagated anteriorly. The first signs of differentiation appear in an indentation known as the morphogenetic furrow (Ready et aI., 1976) . On the posterior side of the furrow, cells group into clusters within which neuronal differentiation occurs (Wolff and Ready, 1991) . Photoreceptor cell subtypes are defined by their position within the cluster, and differentiate in an invariant sequence: R8 is followed by R2 and 5, R3 and 4, Rl and 6, and finally R7 (Tomlinson and Ready, 1987) . Cells that differentiate early are thought to induce those that differentiate late, the clearest example being the recruitment of the R7 cell due to the interaction of the Sevenless (Sev) receptor on its surface with the Bride of sevenless (Boss) ligand expressed by R8 (reviewed by Zipursky and Rubin, 1994) . R2 and 5 are also thought to playa role in recruiting other cells, since expression of the homeodomain protein Rough (Ro) is required in these cells for normal development of the remaining cells of the cluster (Tomlinson et aI., 1988) , and since the membrane protein Star (S) is required in R8, 2 and 5 for their normal development and for the addition of further cells Heberlein et aI., 1993a; Kolodkin et al., 1994) .
The glass (gl) gene is required in all the photoreceptors, and its absence results in their death. However, the initial phases of development occur relatively normally in a gl mutant, as cells posterior to the furrow still form clusters and express neuronal proteins (Moses et aI., 1989) . There are abnormalities of cluster size and arrangement, and the photoreceptor-specific molecule chaoptin is not expressed (Moses et aI., 1989) . The axon projections formed by these cells are also abnormal, failing to terminate in the developing optic lobes (Selleck and Steller, 1991) . Cell death is thought to occur during the pupal stage, and may be a response to the failure of cell fate determination. In addition to its role in the eye, gl is required for the development of the other light-sensing organs: the ocelli and the larval Bolwig's organ (Moses et aI., 1989) .
As gl has been shown to encode a zinc finger protein (Moses et aI., 1989) , it is likely to act as a transcriptional regulator of other genes involved in photoreceptor development. Indeed, a GI binding site has been identified in I.E. Treisman, G.M. Rubin / Mechanisms of Development 56 (1996) [17] [18] [19] [20] [21] [22] [23] [24] , rG438, r175, rI289, rl586, rl645, r1387, rJ651, rJ681, rK60, rK564, rM259, rM62 I , rN36, rN450, rN672, r0673, rPIOO, rQI2, 2-3602,3-3603,3-10419,3-10532 Normally expressed in subset of cells X64 (8, 2, 5, 3, 4) , AA48 (8, 2, 5, 3, 4) , AN35 (?), AN40 (?), AP17 (?), rH97 (8, 2, 5), r1307 (8,2,5,3,4), rK455 (3, 4, 7), rK673 (3,4,7), rP668 (8, 2, 5), rQ736 (1, 6, 7), 3-5959 (?) Expression enhanced by GI Expressed in all cells, starting soon after MF 145, ACI25, A176, rH466, rl78, r1571, rM233, rP38, rP229, 2-7768,2-8882,3-3348,3-3349,3-5221,3- the Rh1 opsin promoter, and when multimerized it is sufficient to direct expression of a reporter gene in the same pattern as gl itself (Moses and Rubin, 1991; Ellis et aI., 1993) . The GI protein has recently been shown to activate transcription through this site in a cell culture system (O'Neill et aI., 1995) . gl expression is not restricted to the photoreceptors, but is present in all cells within the morphogenetic furrow and posterior to it (Moses and Rubin, 1991; Ellis et aI., 1993) ; another transcription factor appears to act on the Rh1 opsin promoter to restrict its expression to the photoreceptors (Ellis et aI., 1993) . To further our understanding of the effects of gl on photoreceptor development, we have characterized the expression patterns of a large number of genes under GI control. We did this by screening through enhancer trap lines expressed in the eye disc to identify those which showed altered expression patterns in a gl mutant background. We have also characterized the phenotype of ro, gl double mutant eyes. The results suggest that GI not only regulates genes expressed in all photoreceptors, but also has subtype-specific effects on a number of genes, including some involved in cell fate determination. In support of this, ro,gl double mutants show severe defects in recruitment of cells to the ommatidial cluster. In addition, GI is required for the repression of a significant number of genes which might interfere with terminal differentiation.
Results and discussion

Targets ofgl regulation in the eye disc
The product of the glass (gl) gene has been shown to be essential for photoreceptor differentiation and survival (Moses et al., 1989) , and also to influence photoreceptor axon target recognition (Selleck and Steller, 1991) . gl encodes a zinc finger protein (Moses et aI., 1989) and is therefore likely to act by regulating other genes required for these processes. To identify such genes, we made use of a large collection of enhancer trap lines selected for expression of {l-galactosidase in a non-uniform pattern in the eye disc (L. Higgins, U. Gaul, M. Freeman, Z. Lai, M. Mlodzik and J.S. Heilig, unpublished data; Karpen and Spradling, 1992) . We crossed these into a gl null mutant background to identify those for which aspects of the expression pattern were dependent on gl gene function.
The results of a screen of 790 such lines are shown in Table 1 . We observed some form of regulation by gl for approximately a quarter of the lines; however, we do not know the number of distinct genes these insertions represent. As expected, since differentiation is likely to involve the activation of many photoreceptor-specific genes, a majority of the regulated lines were expressed more weakly or not at all in a gl background (Fig. lA-D) . These GI protein-dependent lines had a variety of expression patterns. Some were expressed only immediately posterior to the morphogenetic furrow (Table 1) , suggesting that, unlike chaoptin, not all the targets of gl are involved in events late in differentiation. gl may in fact play a role in the movement of the morphogenetic furrow; its phenotype is strongly enhanced by mutations in hedgehog (hh; Ma et aI., 1993) , which encodes the signal driving furrow movement (Ma et aI., 1993; Heberlein et aI., 1993b Heberlein et aI., , 1995 . However, an enhancer trap insertion in hh does not require GI for its expression (data not shown).
Some of the lines showing Gl-dependent expression were specific to one or more of the photoreceptor subtypes (Fig. le,D , Table 1 ), indicating that the developmental programs activated by Gl include subtype-specific genes. Many of the possible combinations of SUbtypes, including all the individual subtypes, were found among the Gl-regulated lines. In addition, some lines appeared to be expressed in fewer cells, rather than being completely absent, in gl discs (Fig. IE,F , Table 1 ); GI may thus effect subtype-specific regulation of certain genes. In the latter case we could not identify the subtypes affected, since ommatidial organization is quite abnormal in gl (Moses and Rubin, 1989; see Fig. 4C ). This abnormality may itself be due to altered gene expression in certain subtypes, which could affect their ability to recruit further cells to the ommatidium.
The subtype-specific effects of gl suggest that the particular sUbtype of photoreceptor a cell will form may be determined before the cell is fully committed to becoming a photoreceptor. The response of each cell to Gl depends in part on other factors which determine its subtype and which do not require GI for their activity. Indeed, many lines expressed in subtype-specific patterns are unaffected by the absence of GI (data not shown). Other observations also argue that sUbtype may be determined very early; scabrous (sea; Mlodzik et aI., I990a; Baker and Zitron, 1995) and atonal (ato; Jarman et aI., 1995) are expressed specifically in R8 immediately posterior to the furrow, at a stage before this cell expresses the general neuronal proteins elav and neuroglian.
Another unexpected result was that approximately 6% of the lines tested were expressed more strongly in a gl background. These fell into two classes, one in which the pattern was unchanged (Fig. IG,H , Table 1 ) and another in which the wildtype expression was transient, but the expression in gl was maintained (Fig. II,J , Table 1 ). Although this does not necessarily imply that the GI protein itself acts as a transcriptional repressor, since the regulation could be indirect, it does suggest that differentiation is accompanied by the down-regulation of a significant number of genes expressed early in the process, and that Gl is required for this down-regulation.
Several of the lines tested were found to have enhancer trap insertions into known genes, allowing us to directly identify some functions under GI control. These included the steroid receptor homolog seven-up (svp; Mlodzik et aI., 1990b) , which is completely absent from gl mutant photoreceptors (Fig. 2B) . svp is normally expressed in RI, 3, 4 and 6, which are transformed into R7 cells in its absence (Mlodzik et aI., I990b) . It is therefore an example of a Gl-regulated gene which is not only subtypespecific but is responsible for determining the fate of a particular SUbtype. Another example is an insertion in the gene encoding the secreted protein Scabrous (Sca), an inhibitor of differentiation which regulates ommatidial spacing (Baker et aI., 1990) ; sea is weaker initially but expressed for longer in gl discs (Fig. 2D) . This observation has been confirmed using an antibody to the Sca protein (data not shown). An insertion in the neurogenic gene mastermind (mam) is expressed transiently in (A,B) AOIOI, a line expressed in all photoreceptors, with its strongest expression immediately posterior to the furrow, is not expressed in gl discs. (C,D) rN5 is specifically expressed in R8 and is not expressed in gl discs. (E,F) 0104 is normally expressed in all photoreceptors, but is only expressed in 2-4 cells per cluster in gl discs. (G,H) AA 137 is very weakly expressed in all cells posterior to the furrow; its expression is stronger in gl discs. (I,J) AJ60 is expressed strongl) . n the morphogenetic furrow and more weakly posterior to it in R8, 2, 5, 3, and 4; its expression is maintained at a high level in gl discs. Anterior is to the left in this and the following two figures. Only the glial expression remains in gl discs. (C,D) rK61 is an insertion in the sca locus. It is expressed in clusters of cells in the furrow and then in R8 for several rows. In gl the furrow expression is weaker and the R8 expression persists to the posterior of the disc. (E,F) Ro protein is strongly expressed in the furrow and is then confined to R2, 5, 3 and 4. In gl the furrow expression is weaker and the post-furrow expression stronger and in more cells.
wildtype discs, in a stripe immediately posterior to the morphogenetic furrow, but its expression is maintained in gl (data not shown). The continued expression of mam and sea, which regulate the choice of the neuronal cell fate, might interfere with photoreceptor terminal differentiation. GI also regulates some enhancer trap lines with position-specific patterns of expression. For example, several insertions are expressed at the equator, the boundary between dorsal and ventral halves of the eye disc, and show reduced or absent expression in a gl mutant (Table  1) . This pattern of expression might be expected for genes regulating the symmetric rotation of ommatidia or their topographic projections to the optic lobes.
One caveat in the interpretation of these results is that we have assumed that the enhancer trap patterns we observe do reflect the expression patterns of endogenous genes. Although there may be some differences which would affect the details of the results, the fact remains that GI can produce striking and sometimes subtypespecific effects on the genomic enhancers which direct lacZ expression.
2.2, Targets ofGI regulation in other photoreceptors
In addition to its role in the photoreceptors of the compound eye, gl is also required for the development of the other fly photoreceptor cells, present in the larval Bolwig's organ and in the ocelli (Moses et aI., 1989) . We also looked for GI regulation of our enhancer trap lines in the precursors of these organs (Fig. 3) . However, only about 10% of lines expressed in the eye disc show expression in the other photoreceptive organs, so our survey was not as complete for these photoreceptors. Perhaps they can be considered to be further subtype categories; ocellar photoreceptors are known to express a type of rhodopsin not found in any subtype in the compound eye (Mismer et aI., 1988) .
GI regulation in both of these cell types was very rare (Table 1) . For the ocellar precursors this may reflect the late expression of gl relative to most of the lines in our collection (M. Ellis, pers. comm.) . gl may be required only at a late stage in ocellar development. It is not clear why only one line was found to be Gl-responsive in Bolwig's organ. GI is required for these cells to develop as photoreceptors and presumably acts on more than one target gene. Possibly its other targets are not expressed in the eye disc and were therefore not present in the collection screened.
Interactions between gl and ro
A similar screen has recently been carried out to identify enhancer trap lines regulated by rough (ro; Freeman et aI., 1992; M. DeMille et aI., in preparation), a homeobox gene required for R2 and R5 to assume their normal fates and correctly recruit other cells to the cluster (Tomlinson et aI., 1988; Heberlein et aI., 1991; Van Vactor et aI., 1991) . All those lines showing Ro dependence in R2 and 5 were also found in our screen to be GIdependent. This could be trivially explained if ro was itself Gl-dependent. However, the expression of Ro is only subtly altered in gl discs (Fig. 2F) ; its expression in the morphogenetic furrow appears slightly weaker, and its expression posterior to the furrow appears stronger and may be present in more cells than R2, 5, 3 and 4, where it is normally expressed (Kimmel et aI., 1990) . Thus the Roregulated lines must have an independent requirement for GI.
Since Ro and GI appear to act on common target genes, we examined the phenotype of the TO,gl double mutant. The adult eyes of these doubly mutant flies appeared even less structured than gl mutant eyes (data not shown), and this seemed to be due to a failure of cell recruitment. In double mutant eye discs the majority of mature clusters contained only three cells expressing the neuronal protein elav (Robinow and White, 1991) , with a minority containing four cells (Fig. 4D) . This was in contrast to either single mutant; both TO and gl had cluster sizes ranging from four to eight at a stage when wildtype clusters would have eight neuronal cells (Fig. 4B,C) . Thus Ro and GI have partially redundant functions in the process by which cells are recruited to the cluster. In a TO mutant the defects in R2 and R5 usually allow them to recruit one of the R3/4 pair (Tomlinson et aI., 1988) ; from the double mutant phenotype it appears that GI is required for this recruitment. However, we do not know whether it, like Ro, is required in R2 and 5; it could instead be required in the presumptive R3 and 4, in R8, or in other cells. Mosaic analysis to address this question would have to be done in the eye disc, since gl mutant photoreceptors do not survive to the adult stage.
We examined several subtype-specific markers to determine the identities of the three remaining cells in the cluster. The R8-specific protein Bride of sevenless (Boss) is expressed only weakly in a few cells in gl (R. Cagan, pers. comm.; Fig. 4G ) but is expressed in many R2 and 5 precursors as well as R8 in ro (Van Vactor et aI., 1991; Fig. 4F) . The ro,gl double mutant showed the same lack of expression as gl alone (Fig. 4H) , indicating that GI is required for Boss expression even in the absence of Ro. An enhancer trap insertion in Star (S), which is normally expressed in R8, 2 and 5 (Heberlein et aI., 1993a; Fig. 41) , was expressed predominantly in single cells in ro, gl (Fig. 41) ; these have been shown by double labelling with antielav antibody to be the central cells of the three-cell clusters (data not shown). These central cells resemble R8 cells in their position and their expression of S; however, they differ from R8 in their lack of Boss expression, which would make them unable to recruit R7. svp is expressed in Rl, 3, 4 and 6 (Mlodzik et aI., 1990b; Fig. 4K) ; it shows expression in additional cells, thought to be the R2/5 precursors, in ro (Heberlein et aI., 1991) . However, in gl it is not expressed in any photoreceptors (Fig. 2B ). In the double mutant, svp is expressed in pairs of cells, which appear to surround the single S-expressing cell (Fig. 4L) . Thus, in R2 and 5 svp is constitutively expressed, with no requirement for GI, unless it is repressed by Ro. These cells take on a R1I3/4/6 identity in both ro and ro,gl, altering their ability to recruit further cells.
No simple relationship between ro and gl follows from these results. While Ro represses both svp and boss in the R2 and 5 precursors, and GI activates both in the cells Eye discs stained with anti-elav. In wildtype discs, cells expressing elav are gradually added to the cluster, with a total of eight cells present at the posterior of the disc. ro and gl have variable phenotypes, with up to eight cells expressing elav per cluster but usually fewer. gl also shows defects in ommatidial spacing and orientation. The ro.gl combination has clusters consisting predominantly of three e1av-positive cells, and never more than four. (E--H) Eye discs stained with anti-Boss. A single cell, R8, expresses Boss in wildtype discs, and staining is also visible on vesicles internalized into the R7 cell. Many clusters contain 2-3 Boss-expressing cells in ro discs. Boss is expressed only very weakly in a few cells in both gl and ro.gl discs. (IJ) Eye discs carrying an enhancer trap in the S gene and stained with anti-p-galactosidase. S is normally expressed strongly in R8 and weakly in R2 and 5; in ro.gl, a single strongly staining cell is observed. (K,L) Eye discs carrying an enhancer trap in the svp gene and stained with anti-tJgalactosidase. svp is expressed in RI, 3, 4, and 6 in wildtype discs and in two cells per cluster in roo gl. The morphogenetic furrow is at the top of all panels.
which normally express them, in the absence of both ro and gl svp is expressed but boss is not. One possibility is that GI is critical for the establishment of R8-specific genes and Ro for the establishment of R2/5-specific genes and for the repression of inappropriate genes in these cells (Heberlein et aI., 1991; Van Vactor et aI., 1991) . The double mutant ro,gl combination would then affect all three subtypes known to be involved in recruiting other cells. Some of the effects on other subtypes observed in gl mutants could be secondarily due to defects in R8. In any case, these observations reveal a role for GI in subtype specification and recruitment which was not previously clear due to its requirement for the survival of all photoreceptor subtypes.
Concluding remarks
The lack of GI protein has far-reaching effects on the development of the eye, ultimately resulting in the death of all the photoreceptors. We have shown that this is due to the direct or indirect regulation of a large number of genes by GI. A quarter of the enhancer trap lines in our sample expressed during the third instar were affected by the absence of gl. Additional genes such as the opsins, which are first expressed later in eye development, are also dependent on GI function. In addition to activating genes involved in the function of mature photoreceptors, Gl is required to activate genes expressed in particular photoreceptor subtypes which influence their interaction with other subtypes, and to repress the expression of genes required only transiently in differentiation. GI may thus deserve the title of a master transcriptional regulator in photoreceptor development.
Experimental procedures
Fly stocks
The alleles used in this study were gl60j and gP, both of which appear to be null (Moses et ai., 1989) , and roX 63 , which is also a null (Heberlein et ai., 1991) . Enhancer trap lines were generated by Karpen and Spradling (1992) and Ulrike Gaul, Linda Higgins, Matthew Freeman, Joe Heilig, Zhi-Chun Lai and Marek Mlodzik (unpublished data). Standard genetic methods were used to combine enhancer trap insertions and ro with gl.
Immunocytochemistry
X-gal staining of discs and embryos was performed as described (Simon et ai., 1985) . To compare gl+ and gldiscs, staining was performed in parallel for the same length of time, and the relative intensities of staining in other imaginal discs and in the brain were used as a control for differences seen in the eye discs. Antibody staining was performed according to Tomlinson and Ready (1987) , except that the detergent used was 0.2% Triton for anti-elav, anti-Ro, anti-fJ-galactosidase and anti-Sea staining and 0.05% saponin for anti-Boss staining. For anti-Ro staining, the discs were fixed in PEMlO.4% formaldehyde rather than in PLP.
